The uptake of phenylalanine was studied with vacuole isolated from barley mesophyll protoplasts. The phenylalanine transport exhibited saturation kinetics with apparent K.-values of 1.2 to 1.4 millimolar for ATP-or PPi-driven uptake; V.,. p was 120 to 140 nanomoles Phe per milligram of chlorophyll per hour (1 milligram of chlorophyll corresponds to 5 x 10 vacuoles). Half-maximal transport rates driven with ATP or PPi were reached at 0.5 millimolar ATP or 0.25 millimolar PPi. ATP-driven transport showed a distinct pH optimum at 7.3 while PPi-driven transport reached maximum rates at pH 7.8. Direct measurement of the H+-translocating enzyme activities revealed Km .p values of 0.45 millimolar for ATPase (EC 3.6.1.3) and 23 micromolar for pyrophosphatase (PPase) (EC 3.6.1.1). In contrast to the coupled amino acid transport, ATPase and PPase activities had relative broad pH optima between 7 to 8 for ATPase and 8 to 9 for PPase. ATPase as well as ATP-driven transport was markedly inhibited by nitrate while PPase and PPi-coupled transport was not affected. The addition of lonophores inhibited phenylalanine transport suggesting the destruction of the electrochemical proton potential difference A ;H while the rate of ATP and PPi hydrolysis was stimulated. The uptake of other lipophilic amino acids like LTrp, L-Leu, and L-Tyr was also stimulated by ATP. They seem to compete for the same carrier system. L-Ala, L-Val, D-Phe, and DLeu did not influence phenylalanine transport suggesting a stereospecificity of the carrier system for L-amino acids having a reladvely high hydrophobicity.
Vacuoles are the largest organelles of differentiated plant cells occupying up to 90% of the total cell volume. As reviewed by Boller and Wiemken (4), they fulfill a series of functions. Active transport into this compartment has been demonstrated for metabolic intermediates as well as inorganic ions. Phenylalanine, the major aromatic amino acid synthesized in chloroplasts (3) , is transiently stored in the vacuole. Up to 95% of all free cellular phenylalanine is found in this compartment (2; and E Martinoia, personal communication). Transport is an active, ATP consuming process which is ' Financial support of the Deutsche Forschungsgemeinschaft is gratefully acknowledged. 1388 coupled to an electrochemical proton potential difference A MH+ (10) . In Saccharomyces cerevisiae the existence ofat least seven independent proton/amino acid antiport systems could be demonstrated (21) , each fueled by ATP. As reviewed by Rea and Sanders (20) , energization of the tonoplast membrane could be fulfilled by two distinct enzyme activities; the tonoplast H+-translocating ATPase and PPase. In this report we present data that uptake of phenylalanine into vacuoles, isolated from barley mesophyll protoplasts, can be driven by both H+-translocating enzymes as distinguished by their differential sensitivity to nitrate and different pH optima. Moreover, the involved carrier system seems to be a type having a high affinity for the lipophilic L-amino acids.
MATERIALS AND METHODS

Chemicals
If not stated otherwise all chemicals were from Sigma Chemie, Deisenhofen, FRG; Boehringer, Mannheim, FRG; or Merck, Darmstadt, FRG and are of highest analytical grade. (19. 0 GBq * mmol'), L-[U-'4C]leucine (12.7 GBq.mmolP'), L-[U-'4C]tyrosine (19. 0 GBq. mmolF'), L-[methylene-'4C]tryptophane (2.18 GBq . mmolV'), 3H20 and 32p were from Amersham Buchler, Braunschweig, FRG.
Radiochemicals L-[U-'4C]phenylalanine
Plant Material
Hordeum vulgare cv Lilo was from Saaten Union Hannover, FRG; cv Gerbel was from von Lochow-Pettkus, Bergen, FRG. Plants were grown as previously described (10) . (10) . For conversion, 5. 106 protoplasts correspond to 1 mg Chl (10).
Chi Determination
Chl was determined according to Arnon (1) .
Assays
Synthesis of y-32P-labeled ATP was done as previously described (8) ; for measurement of the ATPase activity the method ofFranek and Strotmann (8) was modified as follows: The samples were mixed with 5 mL of a solution containing 1% ammonium molybdate in 1 M HC104. Of the mixture, 100 ML were taken to determine the total activity of 32P. The remaining volume was mixed with 2 mL of 2-methyl-ipropanol:toluene (1:1, v/v); 0.5 mL of the organic phase was used for determination of the hydrolysed 32p. Prior to the experiments, in order to avoid volume errors, the organic medium was saturated with water and the molybdate medium was saturated with the organic mixture.
ATPase Table I shows the influence of several nucleotide species on rates of phenylalanine uptake. Similar to results for malate transport presented by Martinoia et al. (16) , the uptake of phenylalanine was also driven by nucleotides other than ATP. This agrees with direct measurement of the ATPase activity (19) as well as the membrane bound enzyme (26) and reveals that the enzyme has minor affinities for related nucleotides. Beside nucleotide-stimulated transport, phenylalanine uptake is markedly accelerated by PPi, indicating the participation of the tonoplast-bound PPase. Addition of 40 mm nitrate (Table II) markedly inhibited ATPase-driven transport while PPase-driven transport was not affected. Vanadate as well as azide had no effect or only a slight influence on rates of transport. Ionophores such as nigericin, gramicidin, and valinomycin greatly inhibited ATP-and PPi-driven phenylalanine transport, indicating the participation of both A pH and A MH+ in this process. Probably the primary target is the A pH, which can be dissipated by valinomycin via the tonoplast H+/K+ antiporter.
Direct measurement of the enzymes revealed that the ATPase is inhibited by nitrate while vanadate and azide showed no effect. No influence of these three substances on PPase activity could be detected. Destroying the transmembrane As shown in Figure 2 , A and B, phenylalanine transport exhibited saturation kinetics with respect to ATP and PPi. Apparent Km-values were determined by Lineweaver-Burk plots to be 0.5 mm for ATP and 0.25 mm for PPi. According to Stitt et al. (23) , the level of ATP in the cytosol is in the range of 1.5 mm and would be sufficient to drive phenylalanine transport at near maximum rate. Smyth and Black (22) presented data that PPi level in pea and corn tissues are in the range of 5 to 39 nmol PPi per mg fresh weight. Assuming that all cellular PPi is located in the cytosol, Taiz (25) (28) . Therefore, PPi levels also seem to be high enough to ATPase at pH 7.3; 96.7 for PPase at pH 7.8. The rates were calculated as described in Table I. ensure PPase-driven phenylalanine uptake at near maximum rate. Kmapp values ofATPase- (Fig. 2C) and PPase-driven (Fig.  2D ) phenylalanine transport are calculated at 1.2 to 1.4 mM which is in the range of internal vacuolar concentration (10) . Maximal rates of transport were reached at 120 to 140 nmol L-Phe.mg Chl-'.h-', high enough to ensure that all synthesized phenylalanine is transported into the vacuole. In contrast to transport the involved H+-translocating enzymes exhibited relatively broad pH optima in the more alkaline range (Fig. 3) . Highest rates of ATP hydrolysis were obtained between pH 7.8 to 8.5 and for PPi hydrolysis between pH 8 to 9. Substrate hydrolysis followed Michaelis-Menten kinetics and half-saturation was reached at 0.45 mM ATP or 23 uM PPi (Fig. 4) . Maximal rates were determined to be 5.95 Amol ATPhyd,.lyd *mg Chl-' h-' and 4.75 ,umol PPihyd,Iys,ed.mg Chl-'.h-'. The addition of 1.5 mm L-phenylalanine to the enzyme assay (data not shown) which may stimulate the rate of hydrolysis by a consumption of protons did not cause significant changes because phenylalanine transport is about 50-times slower than the apparent Vm. of ATP or PPi hydrolysis. Table III (Fig. 2C) or 0.5 mm PPi, 5 mM Mg-gluconate, and 40 mm K-gluconate (Fig. 2D) . The rates were calculated as described in Table I rates. The addition of phenylpyruvate had no effect on phenylalanine uptake and it seems that the tonoplast carrier has a stereospecific affinity for L-amino acids. Additionally, the relative hydrophobicity ofthe transported substance is ofgreat influence, therefore, also D-Trp is able to compete with phenylalanine uptake.
As shown in Table IV 
DISCUSSION
As reviewed by Rea and Sanders (20) , the tonoplast membrane possesses two distinct enzymes both able to translocate protons into the vacuolar compartment. The established electrochemical proton potential difference A ,uH is used as the driving force for phenylalanine transport into the vacuole. For the first time data are presented that this transport could be driven by either energy-supplying enzymes. The addition of ionophores markedly inhibited phenylalanine transport while rates ofATP and PPi hydrolysis were accellerated. ATPdriven transport shows a distinct pH optimum at 7.3 which is in good agreement with other investigators (16, 17) and seems to resemble cytosolic conditions. PPi-driven uptake of phenylalanine exhibits a relatively broad pH optimum with maximal rates at 7.8. However, at pH 7.3 the PPi-driven transport has nearly 95% of its maximal activity.
As shown, phenylalanine uptake obeys saturation kinetics for ATP and PPi as well as phenylalanine. Barley mesophyll protoplasts synthesize phenylalanine in the range of 15 (20) , the tonoplast-bound pyrophosphatase may, in vivo, work reversibly to stabilize PPi-or H+-level in the cytosol.
The transport of L-phenylalanine is not affected by D-Phe or D-Leu. Jung and Luttge (1 1) found that D-and L-Ala are both competing for the same carrier system at the plasmalemma in Lemna gibba. Higgins and Payne (9) were able to demonstrate that only L-isomers of Ala, Leu, and Val are transported across the membranes in germinating barley embryos. In our experiments, transport rates were unaffected by L-Ala and L-Val. With increasing hydrophobicity ofthe added amino acid a striking influence on phenylalanine uptake was noticed. L-Phenylalanine transport is strongly affected by LTrp and less by D-Trp, L-Leu, and L-Ile. The low effect of DTrp may indicate that the carrier system possesses a high affinity for the "right configuration." This agrees with the finding that D-Phe and D-Leu did not decrease L-phenylalanine transport at all. Both amino acids are of lower hydrophobicity than tryptophan (18 or "Materials and Methods"). Phenylpyruvate had no detectable influence on transport rates indicating that carrier mediated transport is coupled to the amino group of the amino acid. In yeast seven independent amino acid carriers have been found (21) , and three distinct carrier systems with affinities for Phe-Trp, Tyr, and Leu-Ile were described. We suggest that for barley there might be only one carrier for the lipophilic amino acids. Figure 5 presents an overview of phenylalanine synthesis and transport in barley protoplasts. Chloroplasts export their product into the cytosol from where it is transferred into the vacuole. This is mediated by a so-called hydrophobic amino acid carrier system. As claimed by Driessen et al. (6) , this transport is ofhigh affinity toward the substrate. The transport operates by energization, at least in vitro, by both H+-translocating enzymes, tonoplast ATPase and PPase. The specificity of the carrier system and its coupling to energy sources is under further investigation.
